The carcinogenicity of fumonisin B 1 (FB 1 ), a worldwide contaminant of corn produced by Fusaria species of fungi, has been tested recently in 2-year feeding studies in Fischer F344 rats and B6C3F1 mice. Inclusion of FB 1 at 50 and 80 ppm in the diet induced liver tumors in female mice, and at 50 and 150 ppm induced renal tumors in male rats (22) . In the present study, the kidneys from the rat bioassay were examined to characterize the various histopathological changes associated with renal tumor induction. In all high-dose (150 ppm) and mid-dose (50 ppm) male rats, and to a lesser extent in high-dose (100 ppm) female rats, there was evidence of sustained nephrotoxicity manifested as basophilia, apoptosis, cell regeneration, and simple tubule hyperplasia, affecting proximal convoluted tubules in the deep cortex, extending into the outer region of the outer stripe of outer medulla. A further alteration consisted of sporadic areas of interstitial hyalinization in deep cortex, suggestive of expande d basement membrane, coupled with tubule atrophy. The continued presence of nephrotoxicity throughout chronic exposure to FB 1 suggested that renal tumor development may have been an outcome of sustained cell loss and compensator y regeneration. In some cases, preneoplastic tubules or incipient renal tumors presented an immature or fetal form in association with interstitial hyalinization. The renal tubule tumors induced by FB 1 were typi ed by a rare, highly malignant, anaplastic variant capable of growth by in ltration. Of the 10 renal tubule tumors diagnosed in the mid-dose males, and the 16 in the high-dose males, 8 and 10, respectively, were graded as carcinomas. Anaplastic variants represented 50% of the mid-dose carcinomas and 80% of the high-dose carcinomas. One of the anaplastic carcinomas in a mid-dose male was a true sarcomatoi d phenotyp e not previously recorded in the rodent. Metastatic invasion of the lung occurred with 25% of the mid-dose carcinomas and 50% of the high-dose carcinomas. It was speculated that FB 1 may have been in uencing the growth characteristics of the induced renal tumors via its inhibitory action on the synthesis of sphingolipids , which in turn, participate in regulating cell contact, growth, and differentiation, or alternatively by affecting cell adhesion molecules.
INTRODUCTION
Fumonisins are the major mycotoxins produced by Fusarium fungal species, and as such, are ubiquitous contaminants of corn (alias maize) products consumed throughout the world by humans and domestic animals (34, 36) . Fusarium spp and/or fumonisins have been implicated as factors in the causation of a number of diverse disease entities including equine leucoencephalomalacia, porcine pulmonary edema, and human esophageal cancer (8) .
Fumonisins are structurally very similar to the longchain sphingoid bases of cellular sphingolipids. Presumably because of this remarkable commonality in structure, fumonisins are able to disrupt sphingolipid metabolism by inhibiting the activities of sphinganine (sphingosine) N -acetyltransferase (ceramide synthase) (26) , an enzyme critical to the de novo biosynthesis and turnover of sphingolipids. The effect causes accumulation of free sphingoid bases in serum, tissues, and urine, with elevation of free sphinganine (and sometimes free sphingosine), increase in the sphinganine/sphingosine ratio (30) , and reduced formation of ceramide and complex sphingolipids (39, 40) . Fumonisins inhibit progression through the cell cycle (5, 24) and induce apoptosis (32) as a consequence of the disruption in sphingolipid metabolism. It has been shown in rats and mice, that the kidney is particularly sensitive to fumonisin-induced disturbance of sphingolipid metabolism (9, 30) .
Fumonisin B 1 (FB 1 ) was the rst fumonisin identi ed (1), and it is the predominant molecular form produced by F. verticillioides (synonym: F. moniliforme) (12) . In turn, F. verticillioides is considered to be the dominant fungal species producing FB 1 as a crop contaminant. Accumulating evidence from research groups in South Africa that FB 1 was a rodent carcinogen, coupled with its potential public health signi cance, led the US National Toxicology Program (NTP) to conduct a 2-year carcinogenicity bioassay of this compound in Fischer 344 rats and B6C3F1 mice. The results of this chronic study, in which 4 dose-levels of FB 1 were administered in the diet, have been reported by Howard et al (21, 22) . At the two highest doses in each case, FB 1 produced an increase in hepatocellular carcinomas in female mice, and renal tubule tumors in male rats. In shorter-term rat studies, a characteristic renal effect of FB 1 was the induction of apoptotic cell death involving proximal tubule epithelium in the "corticomedullary" region (2, 4, 23, 37) . This has been con rmed in a 28-day study with use of immunohistochemical markers for apoptosis-related fragmentation of DNA, as well as demonstrating an associated increase in renal tubule cell proliferation detected by proliferating cell nuclear antigen (PCNA) immunohistochemistry (23). Howard et al (23) proposed that the induction of apoptosis and compensatory regenerative hyperplasia evident at 28 days correlated with the incidence of renal tubule tumors developing in the 2-year FB 1 feeding study. They concluded that the mode of action leading to the induced renal carcinogenesis was sustained cell death and compensatory regeneration (23).
The intention of the present study was to re-evaluate the histopathology of the rat kidneys in the 2-year study in order to provide more detail on sustained cytotoxicity, on preneoplastic lesions, and on the nature of the induced renal tumors.
MATERIALS AND METHODS
Study Design. The NTP 2-year carcinogenicity study was conducted in male and female Fischer 344 rats, 6 weeks of age at study start. FB 1 was administered in the diet at concentrations of 0, 5, 15, 50, or 150 for males, and 0, 5, 15, 50, or 100 ppm for females for 105 weeks. These concentrations were equivalent to average daily doses of approximately 0.25, 0.8, 2.5, and 7.5 mg/kg for males, and 0.3, 0.9, 3.0, and 6.0 mg/kg for females. Group size was 48 for each dose-level in each sex, except at the 5-ppm dose where the groups consisted of 40 rats. Survival was recorded as generally similar between the exposed groups and the controls (28) .
Diagnostic Criteria. The distribution of histopathologic change was categorized by zone according to the description of Young and Wissig (41) for rat kidney. In this schema, the zones of kidney comprise the cortex (zone 1), outer stripe of outer medulla (zone 2, OSOM), inner stripe of outer medulla (zone 3, ISOM), inner medulla (zone 4) and papilla (zone 5). The rst (PI) and second (P2) convoluted segments of proximal tubule are located in zone 1, and the third straight segment of proximal tubule (P3, pars recta) in zone 2. Criteria used for diagnosing tubule basophilia, tubule hyperplasia, and chronic progressive nephropathy (CPN) were those described by the Society of Toxicologic Pathologists (19, 20) . Simple tubule hyperplasia is a lateral increase in the number of epithelial cells without altering the single-cell-layer aspect of the tubule lining. Atypical tubule hyperplasia represents complex internal proliferation of the epithelial lining of a tubule beyond the normal single cell layer into the lumen but essentially retaining the integrity of the tubule outline. Tubule proliferation transcends from atypical hyperplasia to adenoma when it obliterates the integrity of a single tubule, and/or vascular ingrowth into the proliferative focus can be discerned. The distinction between adenoma and carcinoma is the presence of areas of necrosis and hemorrhage in the latter, sometimes accompanied by a trend to cellular pleomorphism. CPN, a spontaneous, age-related renal disease of laboratory rodents, was graded according to a semiquantitative system devised by one of the authors (GCH) based on lesion pathogenesis using a scale of 0 to 7, with 0 representing no lesions and 7, end-stage kidney.
RESULTS
In the 2-year rat carcinogenicity bioassay, FB 1 produced both nephrotoxicity and a neoplastic response.
Nephrotoxicity
The nephrotoxicity associated with FB 1 exposure manifested as a constellation of changes including tubule basophilia, single-cell death and cell regeneration. Single-cell death was observed in proximal tubules of the deep cortex (zone 1) and outer zone 2 (OSOM) of most rats in the 150ppm male group. Single-cell death was evident primarily as the presence of a cell with eosinophilic cytoplasm and condensed but intact nucleus, free in the tubule lumen ( Figure 1 ). Cells showing indications of degeneration while attached to the basement membrane, that is within the tubule lining itself, were most infrequent, pointing to a detachment phenomenon rather than direct lethal injury. Sloughed cells showing nuclear fragmentation (karyorrhexis) typical of apoptosis were also not very frequent, suggesting that once in the lumen, damaged cells were quickly removed by the urine ow. Granular casts representing the collection of cell debris at the junction of pars recta into the narrower descending thin limbs of Henle (as characteristic of some other nephrotoxic states in the rat involving single-cell death in proximal tubules) were not seen in the FB 1 -treated rats.
In the high-dose male group (150 ppm), a diffuse (or sometimes focal), faint tubule basophilia involved the proximal convoluted tubules of mid to deep cortex of all rats, sometimes extending into the proximal tubules (pars recta) of zone 2. In some tubules, the basophilia was associated with mild nuclear crowding or an apparently disorganized arrangement of the lining cells, together with variability in nuclear size ( Figure 2 ). There was also an apparent increase in the frequency of mitotic gures. Taken together, these morphological features were indicative of a mild simple tubule hyperplasia and cell regeneration. In addition, an occasional proximal tubule cell exhibited substantially increased nuclear size compatible with karyomegaly.
The basophilic tubule change, coupled with single cell death, was also present in the male rats exposed to 50 ppm FB 1 , but tended to be more focal in distribution. At 15 ppm in male rats, the nephrotoxic lesions were much milder than at the two higher doses, dif cult to discern, and not present at all in about one-third of the rats in that group. The lesions were absent from males at the lowest dose of 5 ppm. In females, similar lesions were seen at the high dose of 100 ppm but were less well developed than in the males receiving 150 and 50 ppm of FB 1 . The lesions were absent in the females exposed to 50 ppm. Thus the degree of lesion severity in order of highest to lowest was: 150 ppm male > 50 ppm male > 100 ppm female > 15 ppm male. The group frequency of nephrotoxicity representing cytotoxicity/regeneration is tabulated in Table 1 .
Further alterations seen in males at 50 and 150 ppm and females at 100 ppm were sporadic foci of interstitial hyalinization ( Figure 3 ), that is either areas of amorphous intercellular matrix or markedly expanded tubular basement membrane associated with occasional tubules involved in CPN lesions. 0  1  2  3  4   Males  0  42  42  0  0  0  0  5  29  29  0  0  0  0  15  33  10 12  8  3  0  50  42  0  1  2  20  19  150  43  0  0  0  10  33  Females  0  44  44  0  0  0  0  5  NA  -----15  NA  -----50  31  31  0  0  0  0  100  44  4  5  17  9  9 Effective number represents the number of rats sampled in which autolysis or intercurren t disease did not affect diagnosis.
Lesion grade: 0, none; 1, occasional focus; 2, scattered focus; 3, frequent focus; 4, diffuse change. NA, not assessed.
These hyalinized lesions were typically located at the junction between cortex and OSOM, usually contained contracted or atrophic tubules and had the appearance of expanded basement membrane.
Preneoplastic Proliferative Lesions
Solitary foci of atypical tubule hyperplasia (ATH), considered to be a precursor stage of the adenoma-carcinoma continuum, were seen in 4 male rats at the 50 ppm dose, 9 male rats at the 150 ppm dose, and 2 female rats at the 100 ppm dose ( Table 2 ). These proliferative lesions were located either in mid or deep cortex, or in the OSOM, but predominantly at the boundary between these 2 zones, corresponding with the general area of parenchyma involved in the cytotoxic and regenerative change. ATH were solid or occasionally cystic aggregates of typical tubule cells. However, some consisted of very small, intensely basophilic cells reminiscent of immature or fetal epithelial cells (Figure 4 ), which were located within a focus of interstitial hyalinization or basement membrane-like matrix. This type of ATH was observed in 2 males in each of the 150 and 50 ppm dose-groups and in 2 high-dose females.
Renal Tumors
FB 1 produced a dose-related increase in renal tubule tumors in the male rats at 50 and 150 ppm (Table 2) , the percent incidences at these two dose-groups being 21 and 33%, respectively. At 50 ppm, 4 rats had renal tumors conforming to adenoma and 8 had carcinoma (typi ed by multiple areas of necrosis), with 2 of these rats either having more than 1 carcinoma or both adenoma and a carcinoma. At 150 ppm, 6 rats had adenoma and 10 rats, carcinoma. At this dose, 2 rats had both adenoma and ATH.
Morphologically, the carcinomas induced by FB 1 were predominantly a rare and highly malignant variant of renal tubule tumor. This variant was an anaplastic type characterized by marked cellular pleomorphism, a high mitotic rate, and locally invasive growth. In contrast to typical renal cell carcinomas, which grow by expansion ( Figure 5 ), this FB 1 variant was capable of in ltrative growth invading between tubules and glomeruli, sequestering these pre-existing elements as entrapped remnants within the tumor mass ( Figures 6 and 7) . One of the FB 1 tumors at the 50-ppm dose was a true sarcomatoid phenotype, consisting of spindleshaped cells arranged in a haphazard, streaming or fascicular pattern (Figures 8 and 9 ). Of the 18 male rats with renal carcinomas in the 50 and 150 ppm dose groups together, 12 had tumors of the anaplastic (or sarcomatoid) type (Table 3) . A few tumors displayed both conventional and anaplastic morphology. A nephroblastoma that was considered an incidental nding unrelated to treatment was present in 1 male rat in the 50 ppm dose group.
All of the adenomas but 4 were conventional, solid or papillary lesions consisting of typical, basophilic epithelial cells, sometimes with a hint of tubule differentiation. Regarding the 4 exceptions, 1 adenoma at the 50 ppm dose consisted of illde ned clusters of deeply basophilic, small immature cells similar to the cellular pattern of some of the ATH (Figure 10 ). At the 150 ppm dose, another adenoma was also unusual in being composed of tumor cells in streaming (fascicular) disposition; a second adenoma in this group showed cellular pleomorphism; and a third was of a conventional clear cell phenotype.
A single renal adenoma was present in a female at each of the 100 and 50 ppm doses. In the 100 ppm female, the tumor was a basophilic adenoma associated with interstitial hyalinization or basement membrane-like matrix, located at mid to deep cortex. This tumor was morphologically similar to those induced by FB 1 in the male rats and its association with a hyalinized focus recalled the setting of some of the male rat ATH lesions. The tumor in the 50 ppm female was unlike all of the other neoplastic and preneoplastic lesions, consisting of large eosinophilic cells associated with prominent clear vacuoles and minilumens, pleomorphic nuclei of variable size, and hypertrophied nucleoli.
Metastases
Two of the 8 (25%) 50 ppm and 5 of 10 (50%) 150 ppm male rats with renal carcinomas had pulmonary metastases ( Figure 11 ). In several cases, the metastatic nodules occupied a major portion of the lung tissue. Although the metastases were associated mainly with tumors of the anaplastic or sarcomatoid phenotype, the lung nodules were composed of relatively differentiated epithelial cells more typical of conventional renal carcinoma. At the high dose, 1 male rat Sarcomatoid  metastases to lung   50  8  1  3  3  1  2  150  10  1  1  8  0  5 with metastasizing anaplastic tumor also showed multiple intrarenal metastatic foci, while a second rat lacking lung metastases had a single intrarenal metastasis. The intrarenal metastases were centered around arcuate vessels.
Chronic Progressive Nephropathy CPN was scored for grade of severity in the 0, 50, and 150 ppm male dose-groups. Rats in the control group were affected by grades of CPN ranging from 3 to 7 (end-stage) with the mode at 6. In contrast, the grades of CPN at 50 and 150 ppm FB 1 ranged from 2 to 6 with the mode at 4 in each case. Thus, FB 1 at these two doses was associated with a reduction in the severity of CPN in male rats.
DISCUSSION
It has been reported that FB 1 administered in the diet to rats for 28 days causes nephrotoxicity in the form of apoptotic cell death, at doses ranging from 99 to 484 ppm in males, and 163 to 484 ppm in females (22, 37) . This present histological review con rms that FB 1 continued to produce nephrotoxicity over the 2-year course of a carcinogenicity bioassay. The nephrotoxicity was represented by basophilia, single-cell death, simple tubule hyperplasia, and increased mitotic activity, speci cally affecting proximal tubules of the deep cortex and the junction of zones 1 and 2 of the kidney. It was distinguishable from the basophilic, degenerative/regenerative lesions of CPN. The nephrotoxicity showed a clear dosedependency, observed increasingly from 15 up to 150 ppm in the males, but seen only at the highest dose of 100 ppm in the females. The single-cell death observed in the 2-year study represented a process of anoikis, de ned as a loss of cell anchorage to the extracellular matrix (basement membranes in this case) and detachment into the tubule lumen. Although cellular pyknosis was observed to be infrequent, the sloughed cells seen here were identical to those described after 28 days of FB 1 administration, where apoptosis was veri ed by immunohistochemical markers (23). FB 1 has been shown to inhibit rat hepatocyte proliferation via G 1 arrest, thus causing apoptosis (13) . However, as it is known that loss of contact between a cell and its extracellular matrix is a trigger activating the process of apoptosis (6) , it is also possible that apoptosis is secondary to an action of FB 1 on the tubule cell-basement membrane contact. In contrast to the studies of Gelderblom et al (13) with cultured hepatocytes, the induction of apoptosis by fumonisin B 1 in cultured human keratinocytes was not accompanied by G 1 arrest using ow cytometry methods (38) . However, it would appear that in cultured normal and transformed human and rodent cells, the manifestation of fumonisin action is cellular apoptosis. Furthermore, it is clear from the histopathology that the renal effects of chronically administered FB 1 in the rat are sustained proximal tubule cell loss accompanied by compensatory regeneration, in turn as-sociated with overproduction of tubule cells in the form of simple tubule hyperplasia. FB 1 induced renal tubule tumors at 100 and 150 ppm in male rats with incidences (21 and 33%, respectively) that were clearly dose-related. There was also a dose-related increase in ATH in these same 2 groups (8 and 19%, respectively), a form of tubule hyperplasia widely accepted as a preneoplastic lesion on the continuum leading to adenoma and carcinoma (7, 15, 25, 27) . Based on morphological concordance with the range of lesions seen in the male rats, proliferative lesions present in female rats receiving 100 ppm (1 adenoma and 2 ATH) were also considered related to FB 1 exposure, although this would not have registered as a statistically signi cant result. The single tumor observed in the female rat receiving 50 ppm FB 1 presented morphology that has, to date, only been associated with familial or hereditary occurrence (10, 18) and not with chemical induction. As such, it was considered to be unrelated to FB 1 exposure.
There was a correlation between the presence of proliferative renal lesions and the grade of severity of nephrotoxicity. In the 50 and 150 ppm male and 100 ppm female dose-groups, all of the adenomas and carcinomas, and most of the ATH, occurred in rats with the highest grade of nephrotoxicity (grade 4), representing a diffuse rather than focal distribution of the constellation of lesions. Furthermore, there was a clear site concordance between the zonal location of the nephrotoxicity on the one hand and that of the ATH and smaller adenomas on the other.
A majority of FB 1 -induced renal tumors were unique in representing morphological forms only rarely encountered with potent genotoxic carcinogens or, in one case, a form not previously recorded in rodents (16, 19) . A majority of renal tubule carcinomas reported from studies with genotoxic chemicals used as experimental models of kidney carcinogenesis retain a measure of cell differentiation that readily identi es them with the kidney parenchyma. Thus, the histologic pattern of renal carcinoma normally shows a degree of glandular differentiation including tubular, lobular, papillary, and solid forms (19) . As tumors grow larger, there may be a mixture of these architectural patterns with a minor degree of cellular pleomorphism becoming evident. Renal tubule carcinomas that are predominantly composed of pleomorphic cells in experimental studies have not been common; cellular pleomorphism is usually con ned to small areas within large tumors. Of the 8 carcinomas in the 50 ppm male dose-group and 10 carcinomas in the 150 ppm male dose-group, only one tumor in each case was judged to be of the conventional type, that is displaying a reasonably differentiated phenotype. Three carcinomas at 50 ppm and 1 at 150 ppm showed a predominance of cellular pleomorphism. Anaplasia in renal tubule tumors, de ned as poorly differentiated cells in disorganized array, often with a schirrous reaction for stroma, involved collectively, 61% of the carcinomas present in the male dose-groups exposed to 50 and 150 ppm FB1, either entirely or partially (1 tumor).
Anaplastic renal tubule tumors characteristically grow by in ltration resulting in the presence of entrapped pre-existing tubules and glomeruli within the outer tumor tissue (15) . This is in complete contrast to conventional renal tubule tumors, with or without pleomorphism, which increase in size only by expansion and therefore never contain sequestered renal elements. Like conventional renal tubule tumors exceeding 2.5 cm in diameter (14) , anaplastic renal tubule tumors also have a predilection for metastasizing to distant sites. In 2 earlier series of studies with the genotoxic carcinogen, N -nitrosodimethylamine, suf ciently potent as a renal carcinogen to induce very high incidences of renal tumors with a single intraperitoneal injection, the anaplastic phenotype was encountered only twice in over 50 induced renal tubule tumors (14, 17) . Thus, the 61% representation of the anaplastic phenotype observed among the 18 carcinomas induced by FB 1 is an exceptional observation. Furthermore, one additional carcinoma in the 50-ppm male group was entirely a sarcomatoid variant of renal tubule tumor, a phenotype that has not been reported previously in the rat (16) . Sarcomatoid carcinomas of the kidney are well known in humans where they are not considered to be a separate renal tumor subtype but an uncommon phenotypic transformation of any one of the malignant subtypes of renal cell cancer (29, 35) . Sarcomatoid carcinomas are tumors having areas consisting of spindle-shaped epithelial cells often in a streaming or fascicular pattern mimicking true sarcoma. In humans, they are aggressive, high-grade tumors, having a very poor prognosis. The FB 1 -induced sarcomatoid tumor showed in ltrative growth similar to the anaplastic variants, and metastatic nodules were present in the lung of the affected rat. However, as there were multiple renal tumors in this rat, including an anaplastic variant, the individual tumor origin of the metastases was indeterminate.
The exceptional nature of the FB 1 proliferative lesions was not limited to the carcinomas as several ATH and 2 adenomas showed unconventional features, mainly in the form of small, poorly differentiated, immature or fetal-like cells, or in 1 case, cells in a fascicular pattern. Some of these early proliferations were associated with foci of hyalinized extracellular matrix, suggesting the possibility that the latter, representing sites of tubule atrophy, may have been a bed of origin for some of the unusual neoplasms. The evidence suggested that such cellular forms of ATH may have progressed to similar forms of adenoma, but whether these led in turn, to the aggressive variants of carcinoma could not be determined from this review.
The reason why FB 1 -induced renal tumors in the rat are of such high malignant grade was also not able to be determined and will require further exploratory investigation. As noted earlier, FB 1 is known to interfere with the metabolism of sphingolipids and to block their biosynthesis. Sphingolipids participate in mediating or regulating cell-to-cell interaction, cell contact with extracellular matrix, growth and differentiation. Furthermore, many glycosphingolipids , proposed to have signaling functions, are uniquely expressed in kidney tissue (33) . It has been suggested that the polarity of normal renal cells can be maintained by certain sphingolipi d distribution patterns on the cell membrane, but that reorganization of sphingolipi d units may be a factor in determining the malignant properties of human renal carcinoma cells (31) . Because, from this histological review, it appears that FB 1 may be affecting attachment of normal rat kidney tubule cells to basement membrane, it might be speculated that in addition to sphingolipid changes, FB 1 may also be affecting speci c molecules that play major roles in tumor cell adhesion and tumor cell interactions with extracellular matrix. Loss of cell adhesion is one of the critical elements in the development of tumor invasiveness and metastasis, and invasion of tumor cells into the extracellular matrix is mediated by cell adhesion molecules. With respect to human renal cell carcinoma, studies indicate that at least bronectin and B 1 integrin (3) and certain galectins (11) may be important molecular factors in tumor invasiveness. These considerations suggest that exploring the effect of FB 1 on cell adhesion molecules in rat kidney, and their expression in FB 1 -induced renal tumors may be useful lines of investigation in attempting to explain the tumor aggressiveness observed in the NTP carcinogenicity bioassay.
In conclusion, this review demonstrated that FB 1 caused proximal tubule cell loss and regeneration that was sustained throughout a 2-year period of exposure. A continued cell proliferative response such as this is a known risk factor for tumor development and provides a plausible mode of action underlying the development of the renal tubule tumors in male rats fed FB 1 . In addition, the renal tumors induced by FB 1 represented an unprecedented nding in that a majority were highly malignant, invasive carcinomas of anaplastic phenotype, including one sarcomatoid variant previously unrecorded in rodents. Although sustained cell loss/cell regeneration as a mode of action for tumor development implicates a threshold phenomenon and therefore a nonlinear dose extrapolation, the unusually aggressive nature of the FB 1 -induced renal tumors, possibly mediated by the chemical itself, introduces another element for consideration into the risk assessment process.
